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A series  of  polyethyleneimine  (PEI)–fatty  acid  complexes  using  oleic  acid  (OA),  isostearic  acid  (ISA),  and
stearic acid  (SA)  were  prepared  through  a simple  process.  While  PEI  was  not soluble  in  toluene,  the
complex  with  OA  and ISA became  soluble  when  its additive  content  was  greater  than  5  mol%  based
on  the  ethyleneimine  (EI)  unit  of  PEI.  PEI–SA  had similar  solubility  in  toluene  when  more  than  5  mol%
of  SA  was  added;  however,  the  complex  precipitated  when  the  additive  ratio  of SA  was  increased  to
40 mol%.  The  effect  of fatty  acid  of PEI  complexes  on  their TiO2 nanoparticle  adsorption  properties  and
the  ﬂow  curves  of  TiO2 nanoparticle/toluene  suspension  was  then  studied  using  PEI  complexed  with
30  mol%  of fatty  acids.  Surprisingly,  while  PEI–OA  and  PEI–ISA  complexes  effectively  adsorbed  on TiO2
nanoparticles  until  saturation,  the  amount  of  adsorbed  PEI–SA  increased  continuously.  Comparing  the
ﬂow  curves  of  TiO2/toluene  suspensions  under  1.4  mg/m2 addition  of PEI–fatty  acid  complexes,  where
PEI–OA  and  PEI–ISA  were  under  saturated  adsorption,  it was conﬁrmed  that  PEI–OA  effectively  stabi-
lizes  TiO2 nanoparticles  in  toluene  without  imparting  thixotropic  properties  up to 30 vol%,  while  the
suspensions  with  PEI–SA  and  PEI–ISA  were  solidiﬁed  at lower  volume  contents  and  had  high  thixotropic
properties.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Controlling the stability and the dispersion–aggregation struc-
ure of a dense, non-aqueous suspension is one of the important
ssues in designing the microstructures and properties of various
eramic-based products [1,2]. Casting of dense non-aqueous sus-
ensions has been used to manufacture ﬁlm-structured devices,
uch as multi-layer ceramic capacitors [1,3], optical devices [4], and
lectrodes for battery systems (DSSCs [5], lithium ion batteries [6],
nd solid oxide fuel cells [7]). The ﬁnal properties of such devices are
irectly affected by their microstructures, which are controlled by
he ﬂowing properties (i.e. viscosities) and dispersion–aggregation
tructures of dense suspensions. Bulk-structured ceramics are also
anufactured using dense suspensions; a spray-dried powder pre-
ared from a dense suspension has been used as a starting raw
owder to improve the ﬂowing properties during shaping (in dry∗ Corresponding author. Tel.: +81 45 339 3958; fax: +81 45 339 3957.
E-mail address: iijima@ynu.ac.jp (M.  Iijima).
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187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
processes) and to increase the density of the green body [8]. While
greener processes, including aqueous processing, have recently
become the focus of studies, processing techniques based on non-
aqueous suspensions are still in demand for wet  shaping processes
where capillary stress control during drying is necessary [9] and for
manufacturing processes that use moisture-sensitive raw powders
[10].
Various polymer dispersants such as polyacrylates [11,12],
polyacrylate-based block copolymers [13,14], polyethylene-glycol-
grafted comb-type polymers [15,16], polyethyleneimine [17,18],
functionalized polyethyleneimine [19,20], and other tailor-made
substances [21] have been designed for controlling the disper-
sion property of dense suspensions. In order to achieve effective
adsorption of dispersants on particles as well as effective repul-
sion among particles in non-aqueous solvents, detailed control of
polymer structure is required. This detailed control, based on care-
fully controlled polymer synthesis, can include the selection of
segments for adsorption, the number density of adsorption sites in
the molecule, organic chain structures, and the molecular weight.
Therefore, a large time investment is required to produce a suitable
polymer dispersant structure that ﬁts the combinations of particle
and solvent species. A system that can systematically control the
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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ispersant structure in a simple manner and realize rapid feed-
ack of the control of non-aqueous dense suspensions is urgently
equired.
To address this need, we previously proposed a versatile
tructure-tuning protocol for polymer dispersants involving sim-
le mixing of the cationic polymer (polyethyleneimine) and anionic
atty acid (oleic acid) in a non-aqueous solvent. It was  conﬁrmed
hat the carboxyl groups of oleic acid complexes with the amine
roups of polyethyleneimine (PEI), and the resulting PEI–OA com-
lex, effectively adsorb on various species of particles, such as
i3N4, Y2O3, and MgO, in toluene [22]. The saturated adsorption
f the PEI–OA complex on particles led to improvement of the dis-
ersion of dense toluene suspensions, and their ﬂowing properties
ould be controlled by varying the molecular weight of the PEI–OA
omplex. Although PEI complexes with a variety of fatty acids have
arge potential for structural design for controlling the stabilities
f non-aqueous suspension, the possibility of the fabrication of PEI
omplexes using various fatty acids is unknown and the effect of the
atty acid side chains of the PEI complex on their adsorption prop-
rties on particles and their dispersion properties in non-aqueous
olvents has not been clariﬁed.
Herein, we report the preparation of a series of PEI–fatty acid
omplexes in toluene using stearic acid (SA), oleic acid (OA), and
sostearic acid (ISA), which are a straight-chain fatty acid, an unsat-
rated fatty acid, and a branched-chain fatty acid, respectively, each
aving C18 carbon chains. Using the TiO2 nanoparticle/toluene sus-
ension as a model system, the effect of the fatty acid species of
he PEI complexes on their adsorption properties on TiO2 nanopar-
icles and the ﬂow curves of TiO2/toluene suspensions have been
ystematically investigated.
. Experimental
.1. Materials
PEI (average molecular weight 1800), OA, toluene (99.5%), and
thanol (99%) were purchased from Wako Pure Chemical Industry
td., Japan. SA and ISA were purchased from Tokyo Chemical Indus-
ry Co., Ltd., Japan. The TiO2 nanoparticles (9.42 m2/g analyzed by
ET, MT-500B) were a gift from the TAYCA Corporation, Japan. All
aterials were used without further puriﬁcation.
.2. Preparation and characterization of PEI–fatty acid complexes
The procedure used for the preparation of PEI–fatty acid com-
lexes was similar to that described in our previous report [22].
.125 g of PEI and 0–0.827 g of fatty acids (0–100 mol% of fatty acids
ased on the number of PEI monomer units, calculated assuming all
mines were secondary amines) were mixed with toluene (to make
 5.0 g solution) in a 50-mL glass vial and treated in an ultrasonic
ath for 5 min. The toluene solution was then magnetically stirred
or 24 h. The structure of the resulting PEI–fatty acid complex was
haracterized by FT-IR analysis performed on a JASCO FT/IR-6000.
EI–fatty acid with 30 mol% (based on the number of monomer
nits of PEI) OA, ISA, and SA was further used as the dispersant for
tabilizing TiO2-based toluene slurries (denoted as PEI–OA, PEI–ISA,
nd PEI–SA for PEI complexed with OA, ISA, and SA, respectively).
.3. Characterization of the adsorbed amount of the PEI–fatty
cid complex on TiO2 nanoparticles
The procedure for characterization of the adsorbed amount of
he PEI–fatty acid complex was also similar to our previous report
22]. Brieﬂy, 19.00 g of a toluene solution of the PEI–fatty acid
omplex (PEI–OA, PEI–ISA, or PEI–SA) was prepared, where the con-
entration of PEI–fatty acids was controlled to 0–2.4 mg/m2 basedic Societies 4 (2016) 277–281
on the total surface area of particles added in the following process.
Then, 1.0 g of TiO2 was  added to the prepared PEI–fatty acid solu-
tion and stirred for 24 h. The adsorbed amount of the PEI–fatty acid
complex on TiO2 was analyzed by determining the amount of un-
adsorbed, free PEI–fatty acid in the slurries and subtracting it from
the amount of PEI–fatty acids originally added. After 24 h adsorp-
tion, in order to characterize the free PEI–fatty acid amount in the
slurries, the slurries were centrifuged for 10 min at 3500 g, and the
particle-free supernatant solution was collected. 10.0 g of super-
natant solution was  then mixed with 20.0 g of absolute ethanol, and
its conductivity was analyzed using Horiba LAQUA F-74. The con-
centration of the PEI–fatty acid complex in the supernatant solution
was calculated based on the standard curve prepared by analyzing
the conductivity of various known toluene/PEI–fatty acid/absolute
ethanol solutions.
2.4. Flow curve measurements of TiO2/toluene slurries
10–30 vol% TiO2/toluene slurries with 0–2.4 mg/m2 PEI–OA
were prepared by adding TiO2 nanoparticles to a toluene solution
of the PEI–fatty acid complex. The slurries were then mixed using
a THINKY ARE-250 planetary mixer (2000 rpm, 60 s), and stirred
for 24 h. After 24 h, the slurries were mixed with a planetary mixer
again and their ﬂow curves were measured using a TA Instruments
AR-G2 rheometer. The shear stress on increasing the shear rate from
0 to 300 s−1 and then decreasing from 300 to 0 s−1 was measured
using a cone-plate apparatus at 25 ◦C.
3. Results and discussion
3.1. PEI–fatty acid complex formation
Fig. 1 shows photographs of PEI dissolved in toluene with
the assistance of various amounts of OA, ISA, and SA. While PEI
itself was  not soluble in toluene, PEI started to disperse and form
a transparent solution (visibly dissolved) when the OA content
was increased to more than 5.0 mol% (based on the number of
ethyleneimine units in PEI). A similar phenomenon was observed
when ISA was used as the fatty acid; a transparent solution was
obtained when treating PEI with more than 5.0 mol% of ISA. In con-
trast, when SA was  used as the fatty acid, it was found that PEI starts
to dissolve when the SA additive content exceeds 5.0 mol%, but a
white precipitate is generated when the additive content is more
than 40 mol%. It is expected that OA, ISA, and SA can assist the dis-
solution of PEI in toluene through partial hydrophobication when
the fatty acid content is more than 5 mol%. However, in the case
of SA usage, strong intermolecular interactions among stearic (n-
parafﬁn) chains led to the precipitation of the PEI–SA complex when
the concentration and collision frequency of the stearic chains in
toluene increased.
In order to analyze the structure of the PEI–fatty acid complexes
in toluene, FT-IR spectra of the PEI–fatty acid complexes formed
with 30 mol% fatty acid addition were characterized and shown
in Fig. 2 with the spectra from toluene, PEI, and corresponding
fatty acids. From the FT-IR spectra of the original reagents, sig-
nals are observed for the aromatic C C stretching modes (1603 and
1496 cm−1), and CH3 deformation vibration (1460 and 1384 cm−1)
from toluene [22,23], and N H bending of amines (1600 cm−1) and
CH2 scissoring (1462 cm−1) from PEI [20,22]. From OA,  stretch-
ing vibration of hydrogen-bonded C O from COOH (1710 cm−1),
C O H bending (1418 cm−1) and CH2 scissoring (1462 cm−1) can
be observed [22,24–26]. The spectra from ISA had adsorption
peaks attributed to the stretching vibration of hydrogen-bonded
C O from COOH (1710 cm−1), C O H bending (1418 cm−1), CH2
deformation (1377 cm−1), and CH2 wagging (1460 cm−1) [27]. In
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Fig. 1. Photograph of a PEI/toluene solution with various additive contents of OA, ISA, and SA.
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he case of SA, a strong peak that corresponds to the stretching
ibration of hydrogen-bonded C O from COOH (1710 cm−1) as
ell as the split peak of CH2 scissoring (1468 cm−1 and 1460 cm−1)
28] and progressed peaks of CH2 wagging (peak series between
180 and 1400 cm−1) [28] was observed. In the spectra from the
EI–fatty acid complex series, signals that correspond to the free
COOH groups of OA, ISA and SA disappeared and new peaks
hat correspond to the symmetric (1407 cm−1) and asymmetricFig. 3. Relation between the additive content and adsorbed content of PEI–OA,
PEI–ISA, and PEI–SA on TiO2 nanoparticles in toluene.
vibrations (1543 cm−1) of COO− (carboxylates) [25] together with
signals from PEI and toluene can be observed. It is strongly expected
that ISA and SA are also forming a complex between the amines on
PEI with the carboxyl groups through acid–base interactions.
3.2. Effect of fatty acid species of PEI–fatty acid complex on
dispersion property of TiO2 nanoparticles in toluene
In order to investigate the effect of PEI–fatty acid complex addi-
tion on the dispersion property of TiO2 nanoparticles in toluene,
the effects of fatty acid species on the adsorption of the PEI com-
plexes onto TiO2 nanoparticles were investigated, and the results
are shown in Fig. 3. The broken line shown in this ﬁgure corre-
sponds to the line where 100% of the added PEI–fatty acid complex
has adsorbed on TiO2 nanoparticles. It is important to note that
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ll PEI–fatty acid complexes were in dissolved state before the
anoparticle addition. In the case of PEI–OA and PEI–ISA addi-
ive systems, it was found that they can effectively adsorb on TiO2
anoparticles at a lower additive content and reach saturation at
he additive content of 1.4 mg/m2. Contrary to the PEI–OA and
EI–ISA systems, the adsorbed content of the PEI–SA complex con-
inuously increased with increased additive content (∼2.4 mg/m2).
t is assumed that the strong intermolecular interactions among
he stearic (n-parafﬁn) chain, which also led to the precipitation of
EI–SA complex at increased SA additive condition in Fig. 1, could
e one reason for the multi-layered adsorption of PEI–SA on TiO2
anoparticles.
To clarify the effect of fatty acid species of PEI–fatty acid com-
lex on dispersion property of TiO2 nanoparticles in toluene, the
ow curves of TiO2/toluene suspensions (10 vol%) under various
dditive conditions of the PEI–fatty acid complexes were measured
Fig. 4). For the case of using PEI–OA as polymer dispersants, it was
bserved that TiO2/toluene suspension solidiﬁes when the additive
ontent was low (<0.8 mg/m2) and starts to become ﬂowable when
he additive content has reached 0.8 mg/m2, which was similar to
he case of PEI–OA additive system for Si3N4/toluene suspensions
22]. A large hysteresis was observed in the ﬂow curves (thixotropic
ehavior) during the process of increasing (from 0 to 300 s−1) and
ecreasing (from 300 to 0 s−1) the shear rate, indicating the exist-
nce of agglomerates, which can be disagglomerated under the
hear apply. When increasing the PEI–OA additive content more
han 1.0 mg/m2, ﬂow curves without thixotropic behaviors and
ower shear stress (viscosity) were obtained. It is expected that as
he additive content of PEI–OA approaches saturation, a successful
overage of PEI–OA on TiO2 nanoparticles was achieved such that
n effective repulsive force among nanoparticles improves the dis-
ersion of the TiO2/toluene suspension without generating strong
gglomerates.
Similar trends can be observed when PEI–ISA was applied
s polymer dispersants; the solidiﬁed TiO2/toluene suspensionions treated with 1.4 mg/m2 of (a) PEI–OA, (b) PEI–ISA, and (c) PEI–OA.
started to ﬂow at the additive condition of 0.8 mg/m2 with
thixotropic behaviors. The increase of additive PEI–ISA content
near saturation resulted in the reduction of shear stress and the
thixotropic behaviors. Compared to the PEI–OA system, it is clear
that a ﬂow curve with larger hysteresis character was observed at
0.8 mg/m2 addition and larger additive content (1.4 mg/m2) was
necessary to achieve a uniform ﬂow curve. In the case of PEI–SA,
similar to the PEI–OA and –ISA systems, the solidiﬁed TiO2/toluene
suspension started to ﬂow at the additive condition of 0.8 mg/m2
with hysteresis properties. However, it was found that this hys-
teresis property, which indicates the formation of agglomerated
structures in the suspension, remained until the additive condition
has increased to 2.4 mg/m2.
The differences of fatty acid species strongly affect the dis-
persion property at concentrated suspensions where the average
inter-surface distance decreases. Fig. 5 presents the ﬂow curves of
TiO2/toluene suspension under additive PEI–OA, –ISA and –SA com-
plex contents of 1.4 mg/m2, which was the condition to achieve
saturated adsorption of PEI–OA and –ISA. The effect of particle
concentration and fatty acid species on the suspension viscosi-
ties measured at 300 s−1 is shown in Fig. 6. For PEI–OA system,
ﬂow curves without hysteresis character were obtained at concen-
trated suspensions and ﬂowable up to 30 vol%. When using ISA, a
ﬂow curve without hysteresis was observed at 10 vol% suspension;
however, tendency of agglomerate formation started to appear at
elevated concentrations. Due to the agglomerate formation, the
maximum volume percent where the suspension is ﬂowable was
reduced to 20 vol%. For the PEI–SA additive system, the tendency
of thixotropic behavior from the agglomerate formation was the
largest. Thixotropic behavior was found at a suspension with a low
concentration (10 vol%) and solidiﬁed at 20 vol% suspension.From the ﬂow curve measurements of TiO2 suspensions with
PEI–fatty acid complexes fabricated from fatty acids with C18
chains, it was  found that PEI–OA acts as the most effective disper-
sant that can produce uniform ﬂow curves, indicating a decreased
M. Iijima et al. / Journal of Asian Ceram
0.5
0.4
0.3
0.2
0.1
0.0
A
pp
ar
en
t v
isc
o
sit
y 
[P
as
]
403020100
Parti cle concentr ation  [vol%]
 PEI-OA
 PEI-I SA
 PEI-SA
F
s
o
c
t
c
T
a
s
p
T
a
a
ﬁ
b
a
a
a
4
w
P
b
c
4
w
w
g
t
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[ig. 6. Effect of particle concentration on the apparent viscosity of TiO2/toluene
lurry (measured at the shear rate of 300 s−1) treated with PEI–fatty acid complex.
pportunity for agglomerate formation, even at elevated parti-
le concentrations. Compared to PEI–OA complex, it is expected
hat the branched structure of ISA shortened the relative alkyl
hain length and therefore reduced the repulsive force among
iO2 nanoparticles, which can slightly increase the tendency of
gglomeration. For PEI–SA system, as shown in Figs. 1 and 2,
trong intermolecular (attractive) interactions among stearic (n-
arafﬁn) chains are expected. Therefore, while the wettability of
iO2 nanoparticles with toluene was improved and steric inter-
ctions can be generated among TiO2 nanoparticles by PEI–SA
dsorption, an attractive interaction among SA chains of PEI–SA
xed on TiO2 nanoparticles may  have occurred, reducing the sta-
ility of suspension. The selection of fatty acid species of a PEI–fatty
cid complex can be one of the important tunable factors to control
nd improve the dispersion property of nanoparticles in non-
queous suspensions.
. Conclusion
A complex of PEI with different fatty acids (OA, ISA, and SA)
as successfully prepared through simple mixing in toluene. While
EI is not soluble in toluene, the prepared PEI–fatty acid complex
ecame soluble when more than 5 mol% of fatty acid was  asso-
iated with PEI; however, PEI–SA precipitated when more than
0 mol% of SA was added. From the IR spectra of PEI associated
ith 30 mol% of fatty acids, it is expected that OA, ISA, and SA
ere forming a complex with amines of PEI through carboxyl
roups. Fixing the ratio of carboxyl group to be 30 mol% based on
he ethyleneimine unit of PEI, it was found that PEI–OA and –ISA
[
[
[ic Societies 4 (2016) 277–281 281
effectively adsorb on TiO2 in toluene and reach saturation at
1.4 mg/m2 while PEI–SA continuously increased its adsorbed con-
tent under tested region. On stabilizing TiO2 nanoparticles in
toluene, PEI–OA was  found to be the most effective dispersant,
realizing a ﬂowable, dense TiO2/toluene suspension having uni-
form ﬂow curves, while PEI–ISA and PEI–SA usage resulted in a
TiO2/toluene suspension with thixotropic properties and solidiﬁ-
cation at dense suspensions.
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